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U.  S.  Air  Force.  The  research  was  conducted  in  the  Turner  Labora¬ 
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School  of  MateriaJs  Engineering,  Purdue  University,  West  Lafayette, 
Indiana  47907,  under  the  direction  of  Professor  R.  W.  Vest. 
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Mr.  D,  J.  Deputy,  Mr.  E.  M.  Miller,  Mr.  A.  N.  Prabhu,  Mr.  T.  R. 
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depend  upon  the  particle  size  and  particle  size;  distribution  of  the  conduc¬ 
tive  phase,  as  well  as  the  degree  of  dispersion  of  the  formulation. 
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I.  Introduction 

Advances  in  thick  film  technology  have  been  hindeied  by  an  in¬ 
adequate  understanding  of  the  relationships  between  the  physical 
properties  of  the  ingredient  materials  and  the  electrical  properties  of 
the  resulting  resistors  and  conductors.  The  lack  of  a  predicted  model 
of  tin;  conduction  mechanism  has  hampered  the  development  ot  new  materials, 
as  well  as  the  improvement  of  existing  systems.  The  two  primary  concerns 
of  the  present  research  program  in  the  area  of  resistor  technology  are 
the  development  of  adequate  models  to  describe  the  "Blending  Curve  Anomaly" 
and  the  "TCR  Anomaly."  The  "Blending  Curve  Anomaly"  refers  to  the  often 
reported  observation  that  with  oxidic  conductors  and  glass  the  sheet 
resistance  varies  monotonically  from  very  low  (e.q.  1  V/0)  to  very  high 
conductive  concentrations;  whereas,  with  noble  metal  condnctives  and  glass 
electrical  continuity  is  not  achieved  until  the  amount  of  conductive 
approaches  50  V/O.  The.  primary  scientific  question  is:  what,  are  the  driving 
forces  which  are  responsible  for  the  formation  of  continuous  conducting  paths 
along  the  length  of  the  resistor  at  such  low  concentrations  of  the  conductive? 
The  "TCR  Anomaly"  refers  to  the  fact  the  temperature  coefficient  of  resistance 
of  a  resistor  is  much  lower  than  the  TCR  of  any  of  the  individual  ingredients 
from  which  it  was  made.  The  primary  scientific  question  is:  what  is  the 
mechanism  by  which  electric  charge  is  transported? 

The  primary  thrust  of  the  experimental  program  is  to  relate  electrical 
properties  of  the  thick  films  to  the  materials  properties  and  processing 
conditions  through  microstructure.  The  materials  properties  to  be  corre¬ 
lated  are:  resistivity,  temperature?  coefficient,  of  resistivity,  coefficient 
of  thermal  expansion,  interfacial  energy,  particle  shape,  size  and  size 
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distribution,  and  chemical  reactivity  with  other  constituents.  The 
processinq  conditions  to  be  correlated  are  time,  temperature  and  atmosphere 
during  firing.  The  specific  objectives  of  the  program  are: 

1.  Determine  the  dominant  sintering  mechanisms  responsible  for 
microstructure  development  and  establish  the  relative 
importance  of  the  various  pioperties  of  the  ingredient  materials. 

2.  Determine  tne  dominant  mechanising  limiting  electiical  charge 
transport,  and  establish  the  relative  importance  of  the 
various  properties  of  the  ingredient  materials. 

3.  Develop  phenomenological  models  to  interrelate  the  various 
materials  properties  with  systems  performance. 

The  majority  of  the  work,  described  in  this  report  was  directed  toward 
objectives  1  and  3  above.  Earlier  reports  [1-5]  dealt  with  objective  2,  in 
addition  to  1  and  3,  and  additional  studies  in  progress  will  be  discussed  at 


a  later  time. 
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II.  Microst-.rucl-urv  Determination 


Th('  microst.ructurt.  of  the  fixed  resistor  is  directly  related  to  its 
electrical  properties  and  thus  must  be  determined  in  order  to  establish 
better  control  ui  exit  Leal  resistor  fabrication  steps.  Karlv  experiments 
with  the  resistor  system  being  studied  in  this  project  (RuO  -lead  boro- 
silicate  glass)  were  limited  to  electrical  measurements  which  determined 
limits  on  possible  microstructure  parameters  end  permitted  more  accurate 
speculation  as  to  possible  reactions  occurring  during  firing.  These  types 
of  measurements  have  continued  and  remain  a  valuable  technique.  More 
recently,  this  work  has  been  supplemented  with  optical  and  SUM  photo¬ 
micrographs.  During  the  present  reporting  period,  several  experiments 
have  been  initiated  and/or  completed  that  are  direct  measurements  of  micro¬ 


structure  development  parameters.  These  are:  RuO^  solubility  in  glass, 
glass  sintering,  Rui sintering,  the  firing  of  RuO  -glass  composites, 
including  resistors,  and  the  detection  of  new  phases.  Quantitative  informa¬ 
tion  on  these  reactions  or  parameters  is  necessary  to  properly  verify  the 
proposed  microstructure  model  [6],  Many  of  the  experiments  reported  here 
were  done  with  the  hot  stage  video  iretallograph  described  earlier  [71. 


A.  RuO^  Solubility 

The  microstructure  development  model  has,  as  one  of  its  sequential 
steps,  the  sintering  of  the  RuO^  in  the  presence  of  glass.  In  order  to 
quant-ify  this  reaction  in  the  model,  it  is  necessary  to  determine  the  types 
of  sintering  that  take  place  during  resistor  firing.  A  possible  mechanism 
would  bo  solution-dissolution  in  which  RuO^  would  dissolve  at  the  particle 
surfaces  with  a  convex  radius  of  curvature,  diffuse  through  the  glass,  and 


ropreeipi t uLe  at  the  coucmvc  radius  of  ciiniliih  in  the  neck  region  bring 
formed t  tin1  driving  (onv,  as  in  any  sinli  t  i  ng  process,  being  a  reduction 
in  total  surt aco  area.  Karlier  experiments  [8J  indicated  tiiat  the 
solubility  of  Ru02  in  the  lead  borosilicato  glass  is  low,  e.g.  <  200  ppm, 
for  temperatures  up  to  900  C.  The  only  other  known  solubility  measurements 
for  RuO^  in  glass  were  for  a  family  of  soda-silicate  glasses  [9].  in 
this  case,  it  was  reported  that  the  solubility  increased  with  increasing 
temperature  and  with  increasing  soda  content.  The  solubility  at  Lowest 
soda  content  (20 %)  and  at  the  lowest  temperature  (1000°C)  was  about  50  ppm. 

Solubility  measurements  wore  made  using  the  RuC>2  powder  prepared  by 
drying  the  hydrate  as  previously  described  [10],  and  pure  lead  borosilicato 
glass  that  was  finely  ground  in  the  agate  ball  mill  before  weighing.  Ten 
weight  percent  mixtures  (RuC>2/glass)  of  dried  powder  were  dispersed 
thoroughly  in  the  agate  ball  mill,  and  then  heated  in  platinum  crucibles. 
Samples  were  heated  for  15  minutes  to  approximate  a  typical  tunnel  kiln 
firing*  and  for  13  hours  to  obtain  the  equilibrium  solubility.  The  firing 
temperatures  used  for  both  time  intervals  were  600°C,  700°C,  800°C,  900°C, 
and  1000°C.  This  temperature  range  was  chosen  to  include  the  maximum 
temperatures  of  kiln  profiles. 

At  the  end  of  the  heating  period  the  platinum  crucibles  were  quenched 
in  cold  water,  in  order  to  minimize  the  possibility  of  any  reprecipitation 
of  RuO^ .  The  quenched  samples  were  treated  for  24  hours  with  a  solution  of 
30  ml  Me. I  +  25  ml  HE  -*■  20  ml  II^O.  Ruthenium  dioxide  is  not  dissolved  by 
either  of  those  acids  but  the  ruthenium  dissolved  in  the  glass  does  go  into 
solution  along  with  the  glass.  The  resulting  solution  was  filtered  twice  to 
remove  the  residue  and  the  filtrate  was  heated  at  100°C  until  its  volume 
decreased  to  about  10  ml.  It  was  filtered  again  to  remove  the  residue  and 
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tin.'  filtrate  was  than  analyzed  for  ruthenium.  The  l.n.ului  was  il:;<  lie.ded 
with  HC1  and  analyzed  for  ruthenium.  A  blank  solution  was  prepared  by 
treating  the  RuO^  powder  with  HP  and  1IC1  in  a  manner  identical  with  that 
used  for  the  composite. 

The  amount  of  ruthenium  in  the  above  solutions  was  determined  using 
a  Perkin  Elmer  Model  303  Atomic  Absorption  Spectrophotometer  after  calibra¬ 
tion  with  a  ruthenium  solution  standaid  supplied  by  Spex  Industries,  Inc. 

No  detectable  amount  of  ruthenium  was  found  in  the  blank  solution,  verifying 
an  insignificant  solubility  of  PuO^  in  11F  and  HC1,  or  in  the  solutions 
prepared  by  subsequent  treatment  of  the  precipitate. 

The  results  of  the  test  samples  are  given  in  Fig.  1.  As  can  be  soon, 
the  average  concentration  of  Ru02  in  glass  for  typical  tunnel  kiln  firings 
is  about  4  ppm  and  even  at  1C00°C  the  solubility  is  less  than  50  ppm, 
consistent  with  the  earlier  work  of  Mukerji  and  Biswas  for  soda-silica 
glasses  [9].  For  fixed  times,  the  solubility  increases  with  increasing 
temperature  as  expected. 

The  differences  between  the  15  minute  and  13  hour  curves  of  Fig.  1 
can  be  explained  in  terms  of  particle  size  effects.  The  solution  concentra¬ 
tion  measured  with  this  technique  averages  the  concentration  for  the  glass 
in  the  sample  both  near  and  far,  on  a  microscopic  scale,  from  the  particles 
of  KuO^ •  For  example,  it  is  unlikely  that  the  concentration  of  Ru02  in 
the  glass  is  uniform  after  the  15  minute  firing.  The  activity  of  the 
Ru02  at  the  surface  of  small  particles  is  enhanced  by  the  small  radius. 

This  increases  the  concentration  of  solute  at  temperature  T  by  an  amount 
given  by 
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Figurt;  1.  Solubility  of  Ku  in  63*  PbO-25%  B^O^-121  siO  c’.ldSH 
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whore  C  is  the  concent  rat n;n  it  the  sm  f.nr  <_!  th<.  |.,irt.i<  le  ot  i  adms  r, 

C  is  the  concentration  at  a  1  Lat  surface,  V  is  the  molar  volume,  awl 
Ysl  ls  *  he  solid-1  leuul  u.t  r  facial  energy.  These  effect  s  dm  to  small 
particle  size  would  explain  why  the  concentration  of  Rut  in  the  glass 
at  1 000°C  is  urea t er  after  15  minutes  than  after  13  hours.  During 
initial  heating  the  sma  lies'  part  ie  let;  dissolve  rapidly,  creating  a 
super-saturated  solution  at.  the  location  of  the  small  particles.  Then 
the  Ruu^  cl  i f  fuses  through  the  glass  and  precipit  ates  on  the  surface  of 
larger  particles,  eventually  decreasing  the  total,  amount  of  RuO  dissolved 
in  the  glass  to  the  ogui  1  i  br  ium  value.  This  reduction  in  total  surface 
area  by  the  growth  of  larger  particles  and  annihilation  of  smaller 
particles  is  called  Ostwald  ripening,  and  is  a  destructive  force  in  the 
development  of  a  conductive  network.  Therefore,  although  the  concentrations 
measured  in  this  experiment  were  low,  it  is  still  possible  that  the  con¬ 
centration  of  RuO^  the  particle  glass  interface. 

Ih<_  RuO^  concentration  measurements  at  1000  C  were  repeated,  start¬ 
ing  with  a  new  RuO^-glass  composite  to  verify  the  inverted  concentrations. 
The  data  points  at  1000  C  on  Fig.  1  are  the  average  of  the  two  values 
obtained  and  the  error  symbols  show  the  discrepancy.  The  larger  error  is 
at  the  lower  concentration,  as  expected. 

B.  Glass  Sintering 

Preliminary  experiments  to  demonstrate  the  sintering  of  glass 
particles  have  been  conducted  as  a  prelude  to  quantitative  measurements  to 
be  performed  at  constant  temperature  or  constant  heating  rate.  One  of 
these  two  temperature  conditions  is  necessary  in  order  to  relate  sintering 
rates  to  material  parameters.  The  conclusion  that  can  be  drawn  from  these 
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prol  inn  nary  observat  ions  is  that  it  should  1 possible  n  obtain  .1 
juantitativo  doscrij  t.ion  of  ql  i  -s  si  nt  er  i  ng . 

Figure  2  snows  tho  success i  Vi'  stages  during  sintering  ol  q  lass 
particles  of  approximately  300  pin  diameter.  The  time  and  thermocoupie 
emf  are  recorded  on  the  left  side  of  the  screen  with  a  second  camera 
and  special  effects  unit  as  described  earlier  [7].  This  method  of 
recording  data  is  useful  because  it  creates  a  virtually  continuous  and 
complete  record  of  the  sintering  process,  and  all  the  required  data  can 
be  taken  on  the  same  sot  of  samples.  The  video  monitor  also  offers  the 
additional  advantage  of  observing  rapid  processes  at  high  temperatures. 

This  is  demonstrated  by  the  four  photographs  of  Fig.  2,  for  which  the 
total  elapsed  time  is  only  30  seconds  and  yet  the  number  of  sequential 
viewing  frames  is  sufficient  for  quantitative  rate  measurements.  The 
data  obtained  from  particles  in  this  size  range  can  l.e  scaled  down  to 
obtain  rate  information  for  the  particle  size  used  in  resistor  formula¬ 
tions  once  the  dominant  sirtoring  mechanism  is  identified. 

C .  RuO^  Sintering  in  Class 

Preliminary  experiments  to  observe  RuO  sintering  in  the  presence 
of  glass  were  conducted  utilizing  RuO  particles  of  approximately  100  pm 
diameter.  The  RuO^-glass  mixture  dispersed  in  a  screening  agent  was  applied 
to  American  Lava  AlSiMag  614  (96%  Al^)  substrates  0.015  inches  thick, 
dried  at  300  C  for  20  minutes  and  subsequently  fired  on  the  hot  stage. 

Since  the  glass  is  optically  transparent  the  RuO  particles  can  bo  easily 
observed  in  transmitted  light  after  the  glass  flows. 
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Attempts  to  observe  neck  cjrowth  between  KuU  par  tides  m  the 
presence  of  q lass  have  not  as  yet  been  successful,  probnily  due  to  the 
slower  rate  of  s  inter inq  at  these  larqer  particle  sizes,  ns  predicted 
by  the  rate  equations.  It  may  be  necessary  to  use  considerably  smaller 
particles  sizes  in  order  to  obtain  quantitative  sintennq  rates.  If  the 
ultimate  particle  size  required  is  1  inn  or  less  it  will  not  be  possible 
to  use  the  hot  stage  microscopy  technique.  Instead,  quenching  experiments 
will  be  performed  and  the  samples  examined  using  either  Scanning  Electron 
Microscopy  or  Transmission  Electron  Microscopy. 

Although  sintering  was  not  observed  in  these  samples  in  reasonable 

durations  of  time,  gas  bubbles  and  their  ability  to  move  the  large 

('vioopm)  RuO,,  particles  were  observed.  Figure  1,  a  sequence  in  the  firing 

of  the  RuO^-glass  composite,  .shows  the  movement,  toward  the  surface  of  the 

film  and  to  the  right  of  the  viewing  area  of  one  gas  bubble  and  the  resulting 

motion  of  neighboring  RuO^  particles.  The  bubble  was  later  observed  to  break 

at  the  surface.  Figure  4  shows  a  before-and-af ter  result  of  bubble  move- 

men'.  on  the  relative  position  of  two  RuO^  particles.  The  abili  to  move 

these  larger  particles  of  RuO  clearly  indicates  tbit  the  gas  bubbles  can 

cause  the  movement  of  the  smallet  KuO  particles  in  resistors  and  thereby 

profoundly  affect  the  creation  and/or  initial  destruction  of  the  conductive 

network.  The  origii.  of  the  bubbles  is  not  known;  they  could  be  due  to  the 

escape  of  residual  screening  agents,  a  reaction  between  RuO  and  glass, 

oxidation  of  RuO^  to  gaseous  RuO  or  RuO^,  or  air  entrapnert  in  the  glass. 

o 

The  latter  seems  most  likely,.  Some  bubbles  still  exist  at  800  C. 

D .  Resistor  Firing 


The  firing  of  resistors  has  been  observed  with  the  hostage  video 
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m<-t  a  1 1  <  >gr.tpli .  N<>  quantitative  data  liavo  1j« •  r i  obtained  nor  has  any  ivui  t  ion 

boon  observed  that  wa;  not  anticipated  from  previous  observations  with 
optical  microscopy.  However,  tiio  turbulent  nature  of  the  resistor  during 
firing  is  dramatical ly  shown  on  the  video  tape  records.  After  the  glass 
has  fused  ( '-O00  '),  the  resistor  surface,  as  seen  in  reflected  light,  lias 
the  appearance  of  a  Yellowstone  mudpot .  Escaping  gas  bubbles  cause  the 
surface  to  heave  uj.  t  -ns  of  microns  for  times  the  order  of  one  second.  The 
bubble  density  at  7dU  C  can  be  estimated  from  Fig.  S  which  shows  the  surface 
of  a  resistor  that  had  lx>en  heated  slowly  for  about  1  hour.  As  the  tempera¬ 
ture  is  increased  (and  the  glass  viscosity  decreases)  the  bubbles  arc- 
released  with  less  surface  upheaval,  hut  the  bubbles  are  still  observed  up 

to  800  C.  In  fact,  the  release  of  bubbles  was  observed  for  60  minutes  at  a 

o 

constant  temperature  of  800  C. 

Figure  &  shows  the  sequential  development  of  a  resistor  being  heated 
at  about  lO°C/minute,  viewed  witli  transmitted  liciht  to  show  the  Kuo.,. 
Experience  has  shown  that  the  bubbles  are  almost  impossible  to  see  under 
these  conditions  and  future  plans  call  for  alternating  the  type  of  light 
during  firing  to  better  relate  the  ex i stance  of  moving  bubbles  to  the 
dispersion  of  the  Kuo  powder .  However,  during  the  time  that  the  bul  l  ling 
actions  exists,  the  ku"^  becomes  more  agg Lomoratcd ,  resulting  in  increas¬ 
ing  areas  of  white  in  the  photomicrographs,  optical  photomicrographs  of 
quenched  samples  showing  similar  results  ire  discussed  later. 

Tlie  conclusion  that  can  be  drawn  from  these  observations  is  that 
tin*  resistor  film  is  in  a  dynamic  state  of  agitation  throughout  t lie  firing 
process.  This  fact  is  very  important  for  any  model  describing  microst rvn  ture 


deve lopmont . 
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E.  New  Phases 


Though  the  possibility  of  new  phase  development  (regions  other 
than  glass  and  particulate  Kuo^  such  as  semiconducting  glass)  has  >een 
proposed,  earlier  electrical  measurements  have  failed  to  detect  any  new 
electrically  active  phas.s  [8] .  SEM  investigation  has,  in  isolated  cases 
such  as  very  long  firing  times,  revealed  a  variety  of  shapes  tiiat  are 
neither  vitreous  lead  borosilicate  glass  nor  RuO^  particles.  Some  of  these 
are  shown  in  Fig.  7.  The  small  size  of  the  configurations  causes  a 
problem  in  using  the  SEM  X-ray  analyzer  to  identify  the  composition  of  a 
specific  region  in  the  resistor.  The  penetration  depth  of  the  electron 
beam  is  greater  than  the  dimensions  of  the  new  phases  shown  in  the  figure 
and  so  elements  below  the  new  phase  are  detected  also.  For  example, 
analyses  of  the  crystals  of  Fig.  7d  typically  indicate  the  presence  of 
ruthenium  and  aluminum,  (significant  amounts  of  aluminum  are  to  be 
expected  in  a  fired  resistor  because  of  the  substrate.) 

As  an  additional  investigation  of  new  crystalline  phases  a  series 
of  experiments  were  performed  by  X-ray  diffraction  using  a  Phillips  Norelco 
Dif fractcseter .  Samples  were  prepared  in  the  following  trays: 

1.  The  paste  containing  10  w/o  KuC>2  was  hand  printed  on  alumina 
substrates  (2"  x  1"),  dried  at  300°C  for  2u  minutes,  and  fired  at  800°C  for 
different  times,  ranging  from  15  minutes  to  40  hours.  Blank  samples  were 
prepared  from  glass  fired  on  alumina  substrates  using  the  same  heat  treat¬ 
ments  as  those  of  the  resistors  in  order  to  eliminate  the  extra  phases  due 
to  the  substrate  material  and  possibly  the  glass. 

2.  The  paste  containing  10  w/o  RuO^  was  screen  printed  on  alumina 
substrates,  dried  at  300°c,  and  then  heated  at  500°c  for  30  minutes,  625°c 
for  30  minutes,  and  800  C  for  15  minutes.  The  samples  heated  at  800°c  Mere 


17 


Figure  7 


rystalline  Structures  Formed  During  Resistor  Firing 


:* 

treated  with  iiCl  until  all  resistor  material  was  removed  from  the  substrates . 
The  resulting  solution  was  placed  on  glass  slides  and  dried  to  form  a  powder 
residue  for  the  X-ray  diffraction.  Similar  blank  samples  were  prepared  by 
using  the  identical  process  with  a  glass  paste  containing  no  RuO^  in  order 
to  check  for  any  phases  formed  in  the  glass  or  as  a  result  of  chemical  action 
between  the  glass  and  HCl. 

Some  of  the  same  samples,  fired  at  500°C,  625°C,  and  800°C,  were 
treated  with  HCl  and  filtered  to  collect  the  residue  which  was  than  washed 
with  hot  water  to  dissolve  the  FbCl.,.  The  remainder  of  the  samples  were 
treated  with  both  HCl  and  HF,  to  remove  SiO^  as  well  as  PbO.  This  was  done 
with  the  following  sequence:  Treat  with  HCl  to  form  PbCl2  and  rinse  with 
hot  water  to  remove  the  PbCl2.  Treat  the  residue  with  HF  and  remove  the 
SiF^  by  filtering.  Rinse  with  hot  water  to  remove  the  B2°3* 

3.  The  paste  containing  10  w/o  RuO^  was  placed  in  a  platinum  boat, 
dried  at  300°C  for  20  minutes,  and  heated  at  800°C  for  times  ranging  from 
IS  minutes  to  20  hours.  The  fired  samples  were  treated  with  HCl,  HF,  and 
I  tot  water  as  described  in  2.  above. 

4.  In  a  previous  report  111!  the  preparation  of  the  massive  Ru02~glass 
composites  used  for  the  electrical  resistance  measurements  was  described; 
they  had  been  heated  at  900°C  for  16  minutes.  They  were  ground  into  a 
powder  for  direct  analysis. 

Several  observations  were  made  during  these  four  series  of  experiments : 

1.  The  X-ray  diffraction  measurements  of  the  four  types  of  sasg^les 
described  above  failed  to  indicate  the  formation  of  any  new  crystalline  phase, 
and  hence,  it  can  be  concluded  that  either  no  new  crystalline  phase  formed  or 
that  the  new  phases  formed  are  in  a  quantity  or  size  that  is  below  the  de¬ 
tection  limit  of  the  X-ray  diffractometer . 
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2.  The  resistor  paste  that  was  heated  in  the  platinum  boat  contained 
metallic  ruthenium  in  early  stages  of  heating  tnat  was  then  slowly  oxidized 
during  the  remainder  of  the  firing  period.  The  ruthenium  metal  is  believed 
to  be  formed  through  reduction  of  the  RuC>2  by  the  decomposition  products  of 
the  screening  agent.  Rapid  reduction  of  RuO^  and  slow  oxidation  of  ruthenium 
is  consistent  with  earlier  observations.  Because  of  the  large  surface  area 
to  volume  ratio  in  the  screen  printed  sample's,  most  of  the  organic  material 
is  removed  during  initial  drying  and  hence  no  rutheniums  metal  was  detected 
m  any  screen  printed  sample.  However,  this  is  an  example  of  the  importance 
of  the  atmosphere  during  firing  of  thick  film  resistors. 

3.  It  was  observed  that  the  Ru02  peaks  from  the  diffractometer  for 
the  samples  fired  at  800  C  became  narrower  with  longer  firing  times.  The 
sharper  peaks  could  be  due  to:  (1)  an  increase  in  average  particle  size 
caused  by  growth  of  larger  particles  at  the  expense  of  small  particles  or 
the  dissol’  rion  or  evaporation  of  small  particles;  (2)  grain  growth  within 
each  particle;  or  (3)  a  decrease  in  internal  strain  of  the  particle,  such  as 
by  a  reduction  in  the  concentration  of  crystal  defects.  The  dominant 
mechanism  has  not  been  determined.  However,  it  has  been  determined  that  the 
Ru°2  powder  used  to  make  the  resistors  undergoes  the  same  line  narrowing 

when  heated  at  800  C  in  the  absence  of  glass,  as  doe~  the  powder  in  the  resistors. 

Although  the  experiments  described  above  failed  to  detect  new  phases, 

Fig.  7  shows  that  new  phases  do  form  on  certain  occasions.  In  particular, 
the  crystals  shown  in  Fig.  7d  have  been  observed  frequently.  These  crystals 
have  been  detected  by  X-ray  analysis  and  they  have  also  noon  detected  in 
glass-on-alumina  samples  that  contained  no  RuC>2.  Thus,  although  the  crystals 
have  not  been  identified  from  their  X-ray  pattern,  it  is  known  that  ruthenium 
is  not  part  of  the  crystal  structure. 
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III.  Resistor  Firing 

Earlier  experiments  monitoring  the  resistance  of  resistors  during 
firing  have  shown  that  they  all  follow  the  same  basic  development  se¬ 
quence.  In  particular,  sample  35,  [12]  fired  at  590°C  for  550  hours, 
decreased  in  room  temperature  resistance  in  the  early  portions  of  its 
life  to  a  minimum  at  50  hours  and  then  increased  in  resistance  until  at 
least  350  hours,  while  the  TCR  remained  negative.  Somewhere  in  the 
interval  between  350  hours  and  42e  , lours  the  electrical  properties  changed 
significantly;  the  TCR  became  positive  (+200ppm/  C)  and  the  room  tempera¬ 
ture  resistance  decreased.  In  the  early  portions  of  the  firing  (<  350  hours 
the  resistance  at  590  C  was  independent  of  the  room  temperature  resistance; 
whereas,  at  the  end  of  the  firing  the  high  and  low  temperature  resistances 
were  similar.  These  results  were  shown  to  be  consistent  with  the  proposed 
conduction  model.  Additional  experiments  using  the  same  resistor  paste 
and  a  new  resistor  paste  have  been  performed.  These  samples  were  similar  in 
electrical  properties,  as  described  below. 

A.  Old  Paste 

Although  sample  35,  fired  at  590  C  for  550  hours,  yielded  valuable 
insight  into  the  development  of  the  conductive  network,  the  slow  rate  of 
formation  resulted  in  excessive  experimental  time.  Thus,  an  increased 
temperature  (640  C)  was  selected  in  order  to  achirvr  more  rapid  network 
development,  but  still  maintain  network  development  times  long  compared  to 
the  time  required  to  quench  the  samples  to  obtain  room  tempera  Lure  resis¬ 
tance  measurements  at  periodic  intervals  during  the  firing. 

Figure  8  shows  the  resistance  versus  time  of  several  samples  fired 
at  640  C.  The  same  basic  behavior  is  observed  for  all  samples:  the 
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resistance  decreases  from  an  initial  infinity  to  a  minimum  at  approximately 
10  hours  and  then  increases  monotonieally .  The  ICR  increases  early  in  the 
life  of  the  sample  but  remains  negative  throughout  the  firing  period.  This 
negative  TCR  behavior  is  typical  of  this  paste;  the  positive  TCR  observed 
after  350  hours  in  the  590°C  firing  was  the  only  exam, pie  of  a  positive  TCR 
in  about  25  sarnies.  Part  of  the  resistance  increase  at  times  greater  than 
10  hours  is  due  to  a  high  resistance  interface  at  the  platinum  conductive 
[13]  and  the  TCR  and  resistance  data  are  not  valid  representations  of  the 
resistor  for  times  in  excess  of  20-25  hours. 

The  samples  represented  in  Fig.  8  were  prepared  to  demonstrate  that 
the  room  temperature  resistance  versus  firing  time  is  repeatable  for  identical 
samples  and  firing  profiles  and,  therefore,  that  samples  can  be  prepared  in 
definable  stages  of  development.  The  seven  samples  were  terminated  at  firing 
timeo  of  2-1/2,  4-1/2,  6-1/2,  10,  21,  and  72  (2  samples)  hours  in  order  to 
directly  analyze  the  developing  microstructure.  It  can  be  seen  from  the 
graph  that  the  resistance  spread  in  sample  resistance  minimizes  at  the 
minimum  in  resistance  value  and  that  the  resistances  do  not  diverge  greatly 
from  that  point  on.  However,  the  resistance  spread  before  the  resistance 
minimum  is  much  greater;  in  some  cases  they  differ  by  a  factor  of  ten.  The 
sequential  optical  photomicrographs  of  Fig.  9  show  the  same  development  shown 
earlier  m  Fig.  6.  The  increasingly  larger  white  areas  (transmitted  light) 
show  a  decrease  in  the  uniformity  of  RuO.,  dispersion.  The  magnification  of 
the  photomicrographs  is  only  40X,  and  the  microstructure  predicted  by  the 
proposed  microstructure  model  cannot  be  seen  at  this  magnification.  However, 
beyond  10  hours,  the  increasing  open  areas  that  are  void  of  RU02  do  represent, 
on  a  macroscopic  scale,  a  destruction  of  rho  conductive  network. 


b.  6.5  hours 
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Several  other  resistor  samples  have  been  fired  at  temperatures  from 
600  C  to  650  C  and  quenched  frequently  to  determine  room  temperature 
resistance  and  TCR.  Graphs  of  the  results  always  appear  similar  to  Fig.  8 

and  that  of  sample  35  «  350  hours);  only  the  time  axis  (rate  of  develop¬ 
ment)  changes. 

The  necessity  for  proper  storage  of  resistor  pastes  was  definitely 
demonstrated  by  this  particular  formulation.  Storing  the  jar  of  paste  at 
rest  or  on  slow  roller  storage  for  periods  of  approximately  one  month 
caused  the  RuO.,  to  agglomerate  in  the  paste,  sometimes  enough  to  be  seen  in 
the  fired  resistor  with  the  naked  eye.  A  few  minutes  of  roller  milling  was 
sufficient  to  redisperse  the  powders  and  this  sometimes  decreased  the 
resistance  by  as  much  as  30%. 

B.  New  Paste 


Because  of  the  moderate  volume  in  anticipated  industrial  coupling 
experiments  and  a  desire  to  be  able  to  correlate  results  from  different 
types  of  scientific  experiments,  several  hundred  grams  of  5%  RuO  and  40% 
Ru02  end  member  pastes  were  prepared  as  described  later.  A  10%  Ru02  blend 
was  then  prepared  for  all  future  individual  firing  experiments.  It  was 
immediately  noted  that  this  newer  paste,  though  containing  virtually  the 
identical  Ru02  content,  had  a  different  rate  of  conductive  network  forma¬ 
tion  and  different  resistance  value,  although  the  shape  of  the  graph 
remained  basically  the  same.  As  a  result  of  the  observed  differences, 


several  comparative  investigations  were  begun;  these 


are  discussed 


later 


sections,  except  for  the  resistance  and  TCR  as  a  function  of  temperature 


and  time,  reported  here. 
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Figures  10  and  11  represent  typical  characteristics  of  the  new  paste. 
Fig.  10  shows  the  resistance  at  both  610°C  and  room  temperature;  they  both 
decrease  from  an  initial  infinity  to  a  minimum  at  8  hours  and  then  increase 
slowly.  Figure  8  showed  that  the  old  paste  required  a  firing  temperature  of 
640  C  to  reach  a  minimum  at  8  hours  and  the  minimum  resistance  was  200K5i  as 
compared  to  for  the  sample  of  Fig.  10.  It  can  also  be  seen  that  the 
resistance  versus  time  at  610  C  was  close  to  the  value  at  room  temperature 
throughout  the  enure  firing  period,  especially  after  the  first  few  hours. 

Ihe  ICR,  shown  on  Fig.  11,  is  originally  highly  negative,  on  the  order 
of  -450  ppm,  and  increases  rapidly  with  firing.  The  TCR  crosses  zero  before 
the  resistance  is  a  minimum  and  continues  positive  until  .it  reaches  about 
+125  ppm  at  10  hours,  after  which  it  is  approximately  constant.  This  more 
rapid  network  formation  and  early,  positive  TCR  becoming  constant  at  about 
150  ppm/  C  has  been  common  of  all  samples  prepared  with  the  new  paste,  except 
one  whose  TCR  continued  positive  at  a  nearly  linear  rate  of  4  ppm/°C/hour 
until  the  TCR  was  730  ppm  at  300  hours. 

It  is  common  for  thick  film  resistors  to  have  non-linear  resistance 
versus  temperature  characteristics  near  room  temperature,  and  resistors 
made  with  the  new  paste  are  consistent  with  this  rule.  Figure  12  shows 
normalized  resistance  versus  temperature  of  three  samples  fired  for  20 
minutes,  40  minutes,  and  90  minutes  at  630  C.  These  figures  show  the 
importance  of  making  TCR  measurements  over  the  same  ra  jo  of  temperatures 
to  make  comparisons  between  samples,  at  least  for  the  simple  resistor  system 
used  in  this  work. 

C .  Conduction  Mechanisms 

The  results  of  these  resistor  firing  studies  suggest  the  existence  of 
two  conduction  mechanisms  that  may  also  coexist  in  typical  tunnel  kiln  fired 
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resistors.  One  is  the  result  of  a  sintered  Ru02  network  in  the  glass  matrix 
as  described  in  the  sequential  sintering  model,  and  the  second  involves 
charge  transport  on  a  particle-to-particle  basis  or  through  a  thin  glass 
film.  In  the  first  model,  since  the  Ru02  is  sintered,  the  conductive 
network  is  independent  of  the  state  of  the  glass  and  therefore  does  not 
change  appreciably  as  the  glass  is  heated  through  its  softening  temperature. 
Because  massive  single  crystal  Ru02  has  a  TCR  of  +  5000  ppm  the  sintered 
network  might  be  expected  to  have  a  positive  'ICR,  although  greatly  reduced 
from  that  of  massive  RuC>2,  due  to  the  increased  temperature  independent 
defect  scattering  in  the  small  particles,  and  in  the  sintered  neck  due  to 
glass  impurities.  This  conductive  structure  is  dominant  in  Sample  35  for 
times  beyond  400  hours  and  in  the  sample  represented  by  Figs.  10  and  11. 

In  both  of  these  cases  the  resistances  at  high  temperature  is  only  slightly 
greater  than  the  resistance  at  room  temperature  and  the  TCR  is  positive, 
although  only  +  200  ppm.  Though  not  shown  in  graphs  here,  the  resistance 
versus  temperature  is  nearly  constant  as  the  glass  is  heated  through  the 
softening  temperature  as  opposed  to  a  bump  in  the  graph  as  has  been  observed 
with  some  samples  [14,  15]. 

The  second  possible  mechanism  involves  a  conductive  network  of  un¬ 
sintered  or  poorly  sintered  Ru02  particles  held  in  direct  contact  or  with 
a  thin  film  of  glass  at  the  interface  by  rigid  glass  wl  en  cooled  and  by 
interfacial  forces  when  the  glass  is  more  fluid  (near  and  above  the  softening 
temperature) .  It  is  difficult  to  predict  the  temperature  dependence  of 
resistance;  the  network  could  have  either  a  positive  or  negative  TCR  near 
room  temperature,  but  some  resistance  change  would  be  expected  near  the 
softening  point  of  the  glass.  Examples  of  this  network  behavior  are  the 
first  350  hours  of  sample  35  and  the  first  6  hours  of  the  sample  represented 


by  Fig.  8.  After  6  hours,  Fig.  8  shows  a  combination  of  both  conduction 
mechanisms  with  the  unsintered  network  dominating.  Although  the  high 
temperature  resistance  follows  the  shape  of  the  low  temperature  resistance, 
it  is  4  times  as  great  and  the  TCR  is  negative.  Resistor  samples  whose 
high  temperature  resistance  is  independent  of  room  temperature  resistance 
always  show  rapidly  changing  resistance  versus  temperature  as  the  glass  is 
heated  through  the  softening  temperature  [15]  and  frequently,  at  high 
temperature  there  is  no  electrical  evidence  of  the  conductive  network  that 
exists  at  lower  temperatures.  Because  the  unsintered  network  is  strongly 

dependent  on  interfacial  forces,  positive  TCR's  could  exist.  Those  have 
been  observed  [14] . 

The  two  conduction  mechanisms  can  be  evoked  to  explain  another 
observed  difference  in  the  electrical  propertie  of  the  new  and  old  pastes 
which  occurs  during  the  initial  firing  to  high  temperature.  This  is  shown 
in  Fig.  13  where  the  time  axis  is  arbitrarily  chosen  to  be  zero  at  513°C, 
and  both  samples  are  at  the  constant  temperature  of  025°C  beyond  8  minutes. 

The  resistance  of  the  old  paste  decreases  slowly  during  the  temperature  rise, 
in  a  way  that  is  characteristic  of  glass  conduction.  However,  the  new  paste 
decreases  three  orders  of  magnitude  in  several  seconds  and  then  increases  to 
approximately  the  resistance  of  the  glass.  This  decrease  in  resistances 
occurs  concurrently  with  the  volume  shrinkage  of  the  glass  as  it  sinters  and 
flows,  and  could  be  due  to  par ticle-to-particle  contact  of  dry  Ru02  particles 
caused  by  the  densif ication  of  the  glass.  The  subsequent  increase  in 
resistance  could  be  caused  by  the  Rud,,  being  wet  by  the  glass  and  electrically 
isolated.  A  conductive  network  reforms  at  a  later  time  when  the  interfacial 
forces  become  more  dominant  and  further  mixing  by  gas  bubbles  helps  to  pull 
the  particles  into  closer  contact.  Fig.  14  shows  SUM  photomicrographs  of  dried 
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but  unfired  resistors  made  from  the  two  pastes.  The  large  irregular 
particles  are  glass,  and  the  clusters  of  much  smaller  particles  are  ruC>2  . 
The  photomicrographs  show  a  much  more  uniform  dispersion  of  Ru02  in  the 
loose  structure  of  the  new  paste;  the  Ru02  is  less  evident  in  the  old  paste, 
Apparently,  the  less  uniform  dispersion  of  the  Ru02  in  the  old  paste  does 
not  permit  an  electrically  continuous  structure  during  densif ication. 


IV.  Industrial  Coupling 


The  basic  goal  of  this  project  is  to  be  able  to  relate  materials 
parameters  to  resistor  and  conductor  properties  so  that  improved  control 
can  be  established  in  industrial  fabrication  of  thick  film  microcircuits. 
This  requires  adequate  scientific  understanding  and  previously  reported 
experiments  under  the  present  program  have  been  directed  toward  this  goal. 
However,  it  is  desirable  as  part  of  this  program  to  establish  a  micro- 
circuit  fabrication  capability  at  least  similar  to  typical  industrial 
equipment  so  as  to  be  better  able  to  make  specific,  tested  recommendations 
to  obtain  better  predictability,  uniformity,  and  reliability  in  thick 
film  microcircuits. 

The  initial  plan  for  coupling  wich  industry  was  to  establish  a 
liaison  with  one  or  more  companies  and  thereby  use  cheir  equipment  for 
preparing  printing  pastes,  drying  and  firing,  etc.  This  pla  .  was  not 
implemented  because  of  the  small  scaie  of  the  operation  retired,  and 
because  of  the  reluctance  of  companies  with  a  long  histor-  of  secrecy  in 
thick  fiim  development  to  enter  into  t.ie  type  of  open  program  that  would  be 
required.  The  alternative  was  to  establish  an  adequate  but  limited 
industri  1  capability  in  the  laboratory.  The  equipment  required  for  this 
has  been  obtained  and  consists  of  the  following: 


Description 

Paddle  Blender  and 
Three  Roll  Dispersion  Mill 

Wells-Brookf ield  Viscometer 

Aremco  Semi-automatic 
Screening  Machine 


Function 

Prepare  printing  pastes 

Characterize  pastes  and 
test  uniformity 

Screen  print  pastes  onto 
substrates 
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Description  Function 

0ven  Drying  printed  pastes 

Tunnel  Kiln  Fire  Resistors  &  Conductors 

The  oven  is  a  standard  general  type  of  laboratory  oven  and  all  other 
pieces  of  equipment  except  the  tunnel  kiln  have  been  described  earlier.  They 
were  acquired  to  provide  uniform  samples  for  scientific  experiments.  The 
tunnel  kiln  is  the  most  recent  purchase  and  was  necessary  to  complete  the 
industrial  capability.  Of  course,  the  kiln  and  dispersion  mill  are  smaller 
than  typical  industrial  versions  because  the  laboratory  quantities  are 
smaller . 

A .  Tunnel  Kiln 

The  tunnel  kiln  is  shown  in  Fig.  15  and  is  schematically  represented 
in  Fig.  16.  It  is  a  Lindberg  laboratory  phototype  tunnel  kiln  designed  for 
thick  film  applications.  The  basic  design  incorporates  a  multiple  section 
heating  assembly,  a  speed-controlled  belt,  and  an  atmosphere  control  system. 

Ihe  heating  assembly  has  six  6  inch  sections  controlled  by  three  time 
proportioning  temperature  controllers  adjustable  from  200  to  1200°C.  The 
heater  sections  can  be  connected  to  the  controllers  in  any  combination.  For 
the  present  application  the  first  zone  contains  one  section,  the  second  zone 
three,  and  the  third  zone  contains  two.  Over -temperature  protection  is 
provided  by  a  control  meter  relay  driven  by  a  thermocouple  that  can  be 
installed  in  any  of  the  six  heating  elements.  The  three  inch  square  cross- 
section  fused  quartz  muffle  is  used  because  it  is  not  a  source  of  contamina¬ 
tion  and  is  transparent  to  infra-red  radiation.  The  output  end  of  the  kiln 
contains  a  24  inch  long  water  cooled  inconel  jacket  to  cool  the  substrates  to 
room  temperature  before  exiting  the  kiln.  With  the  kiln  prof i les  currently 
in  use,  it  is  not  necessary  to  use  the  jacket  and  so  it  has  been  drained. 


HEATER  SECTIONS 


Figure  16.  Tunnel  Kiln  Schematic 
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Substrates  are  carried  through  the  kiln  on  a  2  inch  nichromc  mesh 
belt  driven  by  a  speed  controlled  DC  motor  that  can  maintain  constant  belt 


speeds  front  0.3  to  11  inches/spp  pnr*.c 

incnes/sec .  Parts  are  removed  by  a  gravity  operated 

ramp  which  delivers  the  parts  to  a  box  mounted  at  the  end  of  the  kiln. 

The  atmosphere  can  be  controlled  in  the  quartz  muffle  and  water 
cooled  jacket  by  introducing  gas  beneath  the  belt  between  the  second  and 
thrrd  zones.  The  atmosphere  is  contained  in  the  kiln  by  adjustable  open¬ 
ings  in  the  two  ends  of  the  kiln  and  exhausts  at  the  adjustable  venting 
stack,  Gas  flow  rate  can  be  adjusted  by  a  flow  meter.  No  artificial 
atmosphere  is  currently  used  in  the  kiln  because  all  possible  precautions 

are  taken  to  completely  remove  screening  agents  from  the  resistors  before 
they  are  placed  in  the  kiln. 


The  profile  initially  established  in  the  kiln  was  chosen  to  fire 
10%  RucyGlass  resistors  to  a  minimum  in  the  resistance  versus  time  curve 
With  a  belt  speed  that  was  in  a  convenient  and  dependable  range.  This  was 
found  with  zone  controller  setting  of  425°c,  an*  »^C,  respectively  and  a 
belt  speed  of  4.3  inohes/min.  Fig.  17  shows  the  temperature  versus  distance 
profile  as  determined  with  an  18  gauge  Chrome l-*lumel  thermocouple  wired  to 
the  belt,  a  standard  technique  in  the  thick  film  industry.  Fig.  jg  sho„s  th 
temperature  versus  time  profile  corresponding  to  the  4.3  inches/minute  belt 
speed.  Fig.  19  shows  the  variation  of  room  temperature  resistance  versus 
belt  speed,  indicating  the  minimum  in  resistance  value.  Previous  experiment 
have  determined  that  resistance  value  scatter  at  the  minimum  is  smali  and, 
therefore,  has  the  smallest  sensitivity  to  small  changes  in  belt  speed. 
Seventy-two  substrates  fired  in  random  small  samples  had  an  average  value  of 
9S4  ♦  3.0  SI.  The  profile  shown  in  Fig.  is  will  bo  used  to  determine  the 
blending  curve  for  the  end  member  pastes,  and  the  effects  „f  rir4ng  resiston 


Figure  17.  Tur.nel  Kiln  Temperature  Gradient 


Figure  18.  Standard  Time-Temperature  Profile 


Figure  19.  Resistance  versus  Belt  Speed 


on  substrates  with  different  coefficients  of  expansion. 
D.  End  Member  Pastes 
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In  order  to  make  the  larger  numbers  of  samples  anticipated  for  indus¬ 
trial  coupling  and  to  obtain  better  correlation  between  various  scientific 
experiments,  several  hundred  grams  of  5%  RuC>2  and  40%  KuC>2  end  member  pastes 
were  formulated.  Pastes  with  Ru02  content  between  these  end  values  will  be 
obtained  by  mixing  appropriate  quantities  of  the  5%  and  40%  pastes.  Figure 
20  shows  the  viscosity  as  a  function  of  shear  rate  for  both  end  members  and 
for  the  10%  mix  discussed  earlier.  These  curves  agree  with  the  glass  formula¬ 
tion  defined  earlier  as  the  viscosity  standard  [16] .  It  was  necessary  to  add 
a  small  amount  of  solvent  to  the  40%  Ru02  paste  after  formulating  with 
measured  quantities  of  ingredients  but  it  is  not  surprising  that  Ru02  powder 
imparts  different  rheological  properties  to  the  paste  than  the  glass  does. 
Resistance  properties  of  the  end  members,  i.e.,  blending  curves,  have  not 
been  determined.  However,  resistance  versus  firing  was  discussed  in  the 
earlier  section  of  the  report  for  the  10%  RuC>2  blend. 

C.  Comparison  to  Old  Paste 

Because  of  the  significant  difference  in  resistance  during  firing 
between  the  old  and  new  pastes  several  experiments  have  been  performed  to 
better  characterize  the  two  pastes  and  their  ingredients  in  order  to  determine 
the  reason  for  the  difference.  Some  difference  was  found  in  the  rheological 
properties;  the  old  paste  had  a  higher  viscosity  that  caused  a  thinner  film 
to  be  deposited  on  the  substrate.  There  was  also  a  difference  in  RuC>2  content 
of  about  0.5%.  These  two  factors  could  account  for  as  much  as  a  factor  of  2 
in  the  resistance  value  of  the  resistors  made  from  the  two  pastes,  but  there 
remains  a  factor  of  30-100.  The  conclusion  drawn  from  the  various  experiments 
and  observations  is  that  most  of  the  difference  is  due  to  a  better  dispersion 
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Cf  the  Ru°2  in  tl,e  ne“  F'aste  and,  firing,  in  the  glass. 

The  dried  RuO.,  FOwder  available  earlier  in  the  laboratory  and  used 
to  make  the  old  paste  is  different  from  that  obtained  by  dryrng  the 
Englehard  hydrate.  [101.  x-ray  line  broadening  studies  show  the  Engelhard 
powder  has  a  smaller  effective  grain  size,  but  these  measurements  have  not 
been  done  with  sufficient  calibration  to  permit  a  quantitative  comparison. 

An  Aminco  Sor  BET  Helium  carrier  surface  area  meter  was  used  to 
obtain  data  on  the  two  different  powders  used.  Both  powders  were  prepared 
similarly  for  the  BET  measurement.  The  sample  vial,  into  which  approxi- 
»ately  one  gram  of  sample  powder  was  placed,  was  inserted  into  a  150°c  oven 
While  being  evacuated  by  a  mechanical  pump.  Both  samples  were  left  in  this 
condition  for  approximately  seventeen  hours  prior  to  the  measurement. 

The  calculated  BET  surface  area  was  17.25  m2/gram  for  the  old  powder, 
1.63  m2/,ram  for  powder  used  in  the  new  paste.  The  surface  are.  calcula¬ 
tion  for  the  old  powder  agrees  to  within  a  few  percent  of  the  value  obtained 
veral  years  ago  [17],  but  the  value  for  the  new  powder  is  too  low.  This 
y  can  be  explained  by  the  fact  that  the  BET  technique  actually 
measures  the  amount  of  nitrogen  absorbed  on  the  surface  as  a  function  of 
partial  pressure.  The  conclusion  to  be  drawn  from  this  measurement  is  that 
the  two  Ru02  powders  have  different  surface  characteristics.  This  has  also 
been  demonstrated  qualitatively.  If  new  Ru02  powder  is  added  to  water  to 
form  a  suspension,  the  powder  sinks  to  bottom  when  added  to  the  top  of  the 
water  surface,  but  the  old  powder  floats  and  agitation  is  necessary  to  pass 
through  the  surface.  SEH  investigation  failed  to  show  differences  in  the 
apparent  particle  size  or  particle  size  distribution  of  the  two  powders. 
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Numerous  visual  examinations  of  resistors  fired  to  varying  stages 
of  development  have  clearly  indicated  that  the  RuC>2  in  the  new  paste  is 
better  dispersed,  both  before  and  after  firing.  Photomicrographs  obtained 
with  transmitted  light  are  more  uniformly  dark  at  all  stages  of  development 
with  the  new  paste  as  compared  to  light,  open  areas  in  the  old  paste.  During 
high  temperature  firing  the  glass  always  flows  slightly,  causing  the 
resistor  to  be  larger.  With  the  old  paste  the  clear  glass  flows  out  beyond 
the  portion  of  the  resistor  containing  RuO^;  with  the  new  paste  flowing 
glass  carries  the  RuO^  powder  with  it,  maintaining  RuO^  dispersion.  Figure 
14  showed  more  uniform  dispersion  in  the  unfired  samples  of  new  paste,  which 
could  be  due  to  different  surface  properties  of  the  RuO^  or  to  different 
formulating  techniques.  In  the  present  case  both  factors  have  probably 
contributed.  It  is  common  knowledge  in  the  thick  film  industry  that  RuC>2 
powder  obtained  from  different  sources  behave  differently  in  resistors  as 
well  as  Ru02  powder  prepared  by  different  methods  from  the  same  source. 
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V.  Summary  and  Future  Plans 


A  coherent  picture  of  microstructure  development  is  beginning  to 
emerge  from  studies  discussed  in  this  report;  however,  quantitative 
correlations  must  await  completion  of  the  sintering  studies,  so  that 
the  proper  kinetic  equations  can  be  employed  in  the  model.  The  techniques 
developed  to  arrest  the  microstructure  development  at  various  stages 
provide  a  powerful  analytical  tool  for  testing  theoretical  predictions. 

The  possible  emergence  of  two  types  of  conduction  mechanisms,  one  involving 
a  well  sintered  conductive  network,  and  the  other  involving  contact 
resistance  or  electron  transport  through  a  glass  film,  mr.y  explain  many  of 
the  conflicting  observations  and  postulates  made  by  previous  workers. 

The  quantitative  sintering  studies,  the  measurements  of  resistance 
during  firing, the  microstructure  investigations,  and  the  industrial 
coupling,  will  be  continued.  Other  studies  to  be  continued  or  initiated 
during  the  coming  period  include: 

1 •  Electrical  Properties  of  the  RuO. -Glass  Interface  Region 

Even  though  results  reported  previously  indicate  that  the  electrical 
properties  of  small  particle  size  Ru02  are  significantly  different  from 
those  of  massive  single  crystal  RuC>2,  the  differences  are  not  great  enough 
to  explain  the  nearly-zero  and  sometimes  negative  TCR  observed  with  thick 
film  Ru02  resistors.  This  phenomenon  must  be  due  to  an  additional  effect 
resulting  from  the  presence  of  the  glass.  In  order  to  better  characterize 
the  "contact"  resistance  between  adjacent  regions  of  RuC>2  in  the  glass,  single 
crystals  of  KuG2  will  be  precoated  with  glass  in  varying  thicknesses  and  suit¬ 
able  counter  electrodes  applied.  Current -voltage  measurements  and  capacitance 
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measurements  as  a  function  of  bias  voltage  will  be  made  in  order  to  determine 
the  mechanisms  of  charge  transport  through  the  glass  films. 

2 .  Particle  Size  Effects  on  the  Resistivity  of  RuO^ 

Previous  studies  on  this  project  indicate  that  the  apparent  electrical 
properties  of  small  particle  size  <50-10oX)  RuO.,  may  differ  from  that  of  the 
bulk,  single  crystal  values;  the  electrical  resistivity  may  be  greater  by  a 
factor  of  about  three  and  the  TCR  lower  by  about  the  same  factor.  A  possible 
explanation  for  these  phenomena  is  that  the  scattering  of  the  conduction 
electrons  is  increased  due  to  increased  crystal  defects.  This  increased 
scattering  would  increase  the  resistivity  and,  since  defect  scattering  has 
a  smaller  temperature  dependence  than  phonon  scattering,  the  TCR  would  be 
lower.  The  increased  scattering  at  the  surface  would  be  more  influential 
with  small  particles  and,  since  the  smaller  particles  are  prepaid  at  lower 
temperature,  there  may  be  a  higher  degree  of  crystal  disorder  throughout 
their  volume.  Thus,  the  indications  that  the  electrical  properties  of  small 
size  powder  are  different  from  those  of  bulk  single  crystal  are  net  in¬ 
consistent  with  theoretical  properties  of  materials. 

The  procedure  for  determining  the  resistivity  of  the  powder  will  be  to 
uniformly  disperse  the  powder  in  a  proper  matrix,  measure  the  resistivity  of 
the  composite,  and  apply  the  proper  mixing  rules.  A  review  of  hetrogeneous 
microstructures  and  the  associated  mixing  rules  shows  that  for  maximum 
sensitivity  to  the  resistivity  of  the  dispersed  phase  (RuCy  ,  the  resistivity 
of  the  matrix  material  should  not  be  greater  than  ten  times  the  resistivity 
of  the  powder.  This  excludes  common  dispersants  since  they  are  usually  high 
in  resistivity,  and  even  liquid  electrolytes  of  strong  acids  and  bases.  The 
only  suitable  materials  in  terms  of  resistivity  and  ease  of  handling  are 
moderately  low  melting  temperature  alloys  such  as  tin-lead  solder  and  the 
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family  of  alloys  with  melting  temperatures  near  loo’c  (Wood's  metal,  Rose's 
metal,  etc.).  The  dispersing  procedure  will  be  to  melt  the  alloy,  add  the 
powder,  and  mix  with  a  propeller  while  under  a  vacuum  to  avoid  entrapment  of 
air  as  a  third  phase  and  to  minimize  oxidation  of  the  alloy. 

3 •  Effects  of  Substrate  Expansion 

Substrates  with  coefficients  of  linear  thermal  expansion  varying  from 
2  to  10  x  10  /  C  have  been  obtained  and  flame  sprayed  with  a  thin  coating 

of  alumina  so  that  the  resistor-substrate  interface  will  be  the  same  in  all 
cases.  The  resistance  and  TCR  of  resistors  printed  and  fired  on  these  sub¬ 
strates  will  be  measured  and  the  results  analyzed  in  light  of  the  results 
obtained  with  the  RuO^-glass  composites. 

4 .  Test  of  Models 

The  sheet  resistance  and  TCR  of  resistors  and  conductors  will  be 
determined  as  a  function  of  volume  fraction  of  conductive  phase  to  glass,  and 
as  a  function  of  particle  size  of  the  conducting  phase  and  of  the  glass.  The 
important  glass  parameters  (viscosity  and  surface  tension)  will  be  varied  at 
constant  thermal  expansion,  and  the  results  compared  with  predictions  of  the 
microstructure  model  and  the  interface  model.  Chemical  additive'  which  will 
alter  the  electrical  properties  according  to  the  interface  model,  but  which 
riot  affect  microstructure  development,  will  be  utilized  to  further  test 
the  interface  model. 

5.  Resistor  and  Conductor  Evaluation 

Predictions  of  the  microstructure  and  interface  models  will  be  utilized 
to  develop  optimum  resistor  and  conductor  formulations  within  the  given 
Aerials  system.  The  performance  of  these  will  be  evaluated  according  to 
the  list  of  specifications  developed. 
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